Abstract -Body measurements (body length, thigh circumference, shank length and chest width) of 311 rabbits representing three breeds, New Zealand White (NZW), Red Baladi (RB) and Black Baladi (BB) purebreds were subject to factor analysis. The objectives of this study were (a) to disclose the main sources of shared variability among body shape characters, (b) deduce the factors that describe these traits, (c) quantify the breed differences in size and shape and (d) predict live weight at marketing age from orthogonal body shape characters. Body conformation 'shape' appeared to be controlled by common and unique factors. The communalities ranged from 0.80 for chest width to 0.99 for thigh circumference and uniqueness (special factors) made the balance. Compared with local breeds (RB and BB), NZW had higher communality (proportion of variance for a variable that is shared in common by other variables) for chest width and lower communality for thigh circumference and body length. Our findings indicated that most of the common variability in NZW body dimensions could be accounted for by factors representing general size and chest width. Corresponding factors in RB were general size and shank length and those in BB were general size and thigh circumference. Independent body shape characters derived from factor analysis accounted for 83.4%, 87.9% and 90.8% of the variation in live body weight in New Zealand White, Red Baladi and Black Baladi, respectively.
INTRODUCTION
Body measurements have been used in large animals to contrast variation in size and shape [5, 21, 22] and to estimate body weight [21, 22] . The correlation between body dimensions may be different if these dimensions are treated as bivariate rather than multivariate. Since body measurements are interrelated both genetically and phenotypically [3, 5, 8, 9, 10, 12, 21, 22] , the analysis of these traits should consider interdependence among these traits. The presence of linear relationships among the predictors is termed multicollinearity. A number of studies have used factor analysis to eliminate redundancies from sets of interrelated variables and to extract and identify covariant variable sets that are statistically unrelated [13, 21, 22, 23, 25] . Multicollinear data analysis with multiple regression and allied techniques may limit the use of such analysis in inference and prediction [6] . Independent factor scores derived from factor analysis have been used advantageously as predictors of total carcass muscle, fat and bone and other performance traits [16, 18, 19, 20, 21] and as a selection criterion for genetic improvement of muscle weight distribution [17] .
Interrelationships among body dimensions (conformation) and body weight of animals of different breeds of rabbits treated as multivariates (simultaneously analysed) have not been investigated to any extent. One objective of this study was to investigate the hypothesis that relations involving body dimensions and body weight may be different by using orthogonal conformation traits derived from factor analysis rather than intercorrelated original traits. A second objective was to disclose the main sources of shared variability, and to deduce factors that describe body conformation of New Zealand White and Egyptian local (Red Baladi and Black Baladi) breeds of rabbits.
MATERIALS AND METHODS

Source of data
One-hundred and seventy-six (81 male, 95 female) New Zealand White, 93 (46, 47) Red Baladi and 42 (19, 23) Black Baladi purebred rabbits were used in this study. These animals were born over a 2-year period and represented progeny of 9 and 40 NZW sires and dams, 8 
Statistical analysis
The data were subject to a factor analysis procedure [15] . The main source of shared variation among the interdependence of body measurements (p) was expressed in terms of fewer mutually uncorrelated common factors F1, F2, Fq (where q < p) than the original measurements [7] . The first factor contained the greatest portion of the original variation and in a morphometric application of factor analysis, it was designated as a general size factor. Subsequent factors were mutually orthogonal to those preceding and to one another and contained less variation.
The model used is as follows:
where X = a p × 1 is a vector observational variables; Λ = a p × q a matrix of factor loading 'factor -variate correlations, the degree of correlation of the variable with factor' (the pattern matrix); F = a q × 1 a vector of factors (non-observable) and U = a p × 1 a vector of the specific 'unique' factor.
The total variance of a variable was equal to unity and can be written as the sum of common variance 'communalities' and unique variance 'uniqueness'. The communality represented the portion of the variable variance accounted for by all common factors and the uniqueness, represented the portion of the variable variance not ascribable to its correlation with other variables.
A build up stepwise multiple regression was used to predict body weight from the orthogonal factor scores derived from factor analysis. Attaining the 5% level of significance was the predetermined criterion for entering the independent variables. Their sequence of retention followed a descending order for the amount of variance explained. The program terminated when the last independent variable entering the equation had an insignificant regression coefficient.
The animals were from the Experimental Station, Sakha, Kafr El-Sheikh, Animal Production Research Institute, Ministry of Agriculture, Egypt.
Management of animals
The kits were weaned at six weeks of age by removing their mothers from rearing cages. They were then sexed, tattooed and housed in groups of three individuals in commercial rabbit growing cages. The dimension of each cage was 40 (width) × 45 (depth) × 30 (height) cm. All rabbits received feed and water ad libitum from weaning to 12 weeks, the diet contained approximately 16.3% crude protein, 13.2% crude fiber, 2.5% fat and a metabolisable energy of 2 600 kcal . kg -1 . All animals were maintained under similar management conditions.
Traits considered
The body weight in grams and dimensions in millimeters were recorded for each animal at 12 weeks of age (market age). The following live animal measurements were considered: body length, horizontal distance from the front point of the withers to the pinbone; thigh circumference, circumference at the knee-cap (patella); shank length 'tarsometatarsus', from the bottom of the foot pad to the hock; chest width 'transverse diameter of the thorax', the greatest width of chest just behind the shoulders. Lengths and width were measured with steel calipers and circumference was measured with measuring tape. To ensure accuracy, each measurement was made twice and the mean was used in subsequent analysis. The same person took all measurements and weightings throughout, thus eliminating error due to personal differences.
The data from males and females were combined since there were no significant differences between the sexes in the abovementioned traits (untabulated). Table I presents the means, standard deviations and coefficient of variability for live weight and dimensions at 12 weeks of age for various breed groups. In NZW, the average body weight at 12 weeks was 1 171 g. The corresponding value reported by Mgheni et al. [11] was 1 180 g and that reported by Balat et al. [2] was 1131 g. The relatively low body weight in the present study as compared to the respective trait found in temperate regions may have been due to unfavourable environmental factors, such as temperature and food supply.
RESULTS AND DISCUSSION
Original 'non-independent' variables
Body weight varied more (CV ranged from 21.1% to 27.6%) than any of the measurements (CV ranged from 8.5% to 15.9%).
It is evident that body dimensions are more reliable indexes of body size than body weight. The flesh dimensions (thigh circumference and chest width) were more variable (CV ranged from 12.4% to 15.9%) than the skeletal dimensions (body length and shank length) (CV ranged from 8.5% to 10.3%). Variations in body weight and measurements in Red Baladi rabbits were higher than corresponding variations in either Black Baladi or New Zealand White.
Their relationship with each other and live body weight
Correlation coefficients among the original interdependence body shape characters for various breeds at 12 weeks are given in Table II All correlation coefficients were highly significant (P < 0.01).
91.6% of the variability of the original 4 variables, leaving 13 to 7.4% to the 4 'special' factors (Tab. III). The first factor (FI) ('general size') was characterised by high positive loadings (factor -variate correlations) on all body dimensions other than chest width in NZW, shank length in RB and thigh circumference in BB (Tab. III and Fig. 1 ). The coefficient associated with thigh circumference dominated the first factor in Red Baladi and is by itself a rather good estimator of general size. The correlation between this factor and thigh circumference in RB was higher than that in either NZW or BB, while the correlation between first factor and body length in BB was higher than the corresponding correlation in either NZW or RB. This factor explained 25%, 79% and 14% of the total phenotypic variance in thigh circumference and explained 69%, 47% and 81% of the total phenotypic variance body length in NZW, RB and BB, respectively. The first factor 'general size' accounted for 75% of the variance in NZW, for 80% in BB and for 81% in the Red Baladi. Ricard and Rouvier [14] used a principal component analysis in examining the covariance structure of nine linear body shape characters. The population consisted of 150 Cornish cockerels of 59 days of age. They found (RB and BB) and NZW breeds. Body measurements were highly intercorrelated. Blasco et al. [3] , Niedz u wiadek [12] and Lukefahr and Ozimba [10] reported similar findings. Body weight was positively correlated with various dimensions, whereas thigh circumference (r = 0.846 for NZW and r = 0.887 for RB) was found to have the highest correlation with live body weight. In Black Baladi, the highest correlation (0.894) was found between thigh circumference and body length. The correlation of body weight with body length and chest width in NZW was 0.811 and 0.752, respectively; corresponding values reported by Ayyat et al. [1] were 0.620 and 0.369. Lukefahr and Ozimba [10] found a correlation of 0.57 between body weight and body length.
In local breeds, the lowest correlation (r = 0.641 for RB and r = 0.647 for BB) was found between thigh circumference and shank length, while in NZW, the lowest correlation (0.581) was found between chest width and shank length (Tab. II).
Varimax rotated 'independent' factors. 'Their interpretation'
Two common factors have been identified, which contributed for from 87.0% to 439 that the first principal component 'general size' accounted for 59% of the variation among body shape characters. This component was best represented by trunk length, shank length and leg length. In large animals, Shahin et al. [21] used factor analysis to deduce the factors that control body shape characters. Four-hundred and sixty three young growing Egyptian buffalo bulls were involved. The first 'general size' factor was characterised by high positive loadings on all body shape characters; the variables associated with body length had the highest loading, followed by heart girth and abdominal girth. This factor accounted for 75% of the variation in the 13 original body shape characters.
The subsequent factor which was mutually orthogonal to the first, presented patterns of variation independent of general size (multicollinearity was no longer present). The second factor (FII) was not similar in the three breeds. This factor accounted for a further 11.8% of the variance in NZW, 10.4% in RB and 10.7% in Black Baladi. In NZW this factor had high loadings for chest width and thigh circumference, while in RB, it had high loadings for shank length and body length. In BB, it had a high loading for thigh circumference. It is worth mentioning that, in NZW, the correlation of chest width and the second factor was approximately 2.9 times the magnitude of the correlation with shank length. While in Red Baladi, the correlation of shank length and the second factor was approximately 2.7 times the magnitude of the correlation with thigh circumference. In Black Baladi, the correlation of thigh circumference and the second factor was approximately 2.8 times the magnitude of the correlation with shank length. This factor could be called a chest width factor in NZW, a shank length factor in Red Baladi and a thigh circumference to 0.91 for chest width, while in BB, the communalities ranged from 0.81 for chest width to 0.99 for thigh circumference. For RB, the lowest (0.88) and highest (0.97) communalities were found for body length and shank length, respectively.
In NZW, thigh circumference (flesh dimension) had the lowest communality with greatest uniqueness. About 82% of the variation in thigh circumference was brought about by common factors, whereas 18% of its variation was contributed by a unique factor, specific for this trait. It is worth noting that in Black Baladi, thigh circumference had the highest communality with smallest uniqueness. In Red Baladi, shank length (skeletal dimension) had the highest communality with the smallest uniqueness of its own. About 97% of the variation in shank length was brought about by common factors, whereas 3% of the variation was contributed by a unique factor specific for shank length.
It is interesting to note that, the communality for body length and thigh circumference in Black Baladi was higher than that in Red Baladi, which in turn was higher than that in New Zealand White (Fig. 2) . The ranking of breeds for chest width communality was as follows: NZW ranked first followed by RB and then BB (Fig. 2) . Tanner and Burt [24] found that the communalities in mature Ayrshire cows ranged from 0.37 for width of chest to 0.89 for chest circumference. Shahin et al. [21] working with Egyptian buffalo bulls found that the communalities for skeletal dimensions (heights at withers and hips) were much higher than for flesh dimensions (rump width).
The use of non-independent body measurements and their independent factor score to predict live body weight
In large animals (cattle, buffalo) heart girth is frequently used as a measure of body size. In poultry, shank length is commonly factor in Black Baladi. It is of interest to note that 83% of the variation in chest width in NZW, 86% of the variation in shank length in RB and 86% of the variation in thigh circumference in Black Baladi are accounted for by the second factor. It is not known whether the difference between local and NZW breeds is related to the way the weight is distributed over the body, to body conformation, to special breed characteristics peculiar to local breeds or to other factors. Tanner and Burt [24] re-analysed the rabbit measurements of Wright [26] by factor analysis to identify general vs. local growth factors controlling size in different rabbit populations. They found a basic factor 'general size' and found that factors for head and limbs controlled these traits. They found that the contribution of limb factor to total variance varied with breed; it was 3.6%, 18.1% and 6.7% for F1 Black-Tan Polish × Polish, F1 Polish × Flemish Giant and F2 Polish × Flemish Giant, respectively.
In brief, most of the common variability in body shape characters in New Zealand White could be accounted for by factors representing general size and chest width. Corresponding factors in Red Baladi were general size and shank length and in Black Baladi, general size and thigh circumference. Table III lists the communalities for various variables. The variance of a variable was partitioned into a common portion 'communality' shared with some or all of the other variables and a 'uniqueness' portion, unique to that particular variable and not shared with any other variable. The results indicated that 81% to 99% of the variation in conformation traits were brought about by common factors, whereas 1 to 19% of their variation were contributed by unique factors specific for each trait. The communalities for conformation traits in NZW ranged from 0.82 for thigh circumference used as a measure of body size and in the pigeon, keel length is a good means of measuring body size. In the present study with rabbits, other body dimensions such as thigh circumference and body length can be useful as measures (estimators) of body size. The usefulness of live body measurements as predictors of carcass composition and carcass merit have been investigated by Bochno et al. [4] , Lukefahr and Ozimba [10] and El-Mahdy [8] .
Shared variability
The interdependent conformation characters in one analysis and their independent rotated factors in a second analysis were used as independent variables in a multiple regression equation to predict live body weight. The parameter estimates, standard errors, R 2 and residual standard deviation are given in Table IV. The results for regression analysis for predicting live body weight from the Similarly, for Red Baladi, the results showed that thigh circumference alone accounted for 78.7% of the variation in live weight and the residual standard deviation was 136 g. The proportion of variance explained increased from 85% to 88% and the residual standard deviation of the estimate decreased from 115 to 105 g when body length, chest width and shank length were added (Tab. IV).
4 interdependent body measurements showed that in NZW, thigh circumference alone accounted for 71.5% of the variability in live body weight and the residual standard deviation of the estimate was 141 g (Tab. IV). The proportion of explained variance increased from 81.3% to 83.2% when body length and chest width were added and the residual standard deviation of the estimate was then 109 g. For Black Baladi, body length seems to be the major trait in determining live weight. The results of regression analysis for predicting live weight from body dimensions showed that body length alone accounted for 74.4% of the variation in live body weight and the residual standard deviation was 121 g. R 2 was progressively improved to 0.90 and the residual standard deviation reduced to 76 g when thigh circumference and chest width were added (Tab. IV).
These results indicate that live body weight can be predicted with a fair degree of accuracy from thigh circumference and body length; as much as 83%, 85% and 88% of the variation in live body weight in NZW, RB and BB, respectively was accounted for by these traits. However, the use of interdependent explanatory variables should be treated with caution, since multicollinearity was shown to be associated with unstable estimates of regression coefficients, rendering the estimation of unique effects of these predictors impossible.
The results of a stepwise multiple regression of live body weight on independent body shape characters (Tab. IV) showed that the first and second independent conformation traits derived from factor analysis accounted for 83.4%, 87.9% and 90.8% of the variation in live body weight in NZW, RB and BB, respectively. The final regression equation for estimating live weight from independent factor scores for each of the three breeds is: NZW: Live body weight (g) = 1171. Each variable added for each equation added an amount (P < 0.05) of explained variance.
In conclusion, the factor analysis technique explores the interdependence in the original 4 body shape characters by analysing them simultaneously rather than individually. The use of orthogonal body shape characters derived from factor analysis was more appropriate than the use of the original interrelated traits for predicting live body weight. Multicollinearity of two or more independent variables makes the estimation of the unique effects of such variables impossible and thus, could lead to false inference.
